Abstract
Introduction
impressions from visual inspection of the images: the brightest OmpR-YFP foci show striking 1 co-localization with ompF and relatively little co-localization with lacI-lacA and ompC. observed motion is not due to drift of the sample. To characterize the drift of a chromosomal 7 location, two successive CFP images of a field of cells were acquired two seconds apart. When 8 repeated over many fields, the resulting distributions of displacements were found to be similar 9 for the ompF, ompC, and lacI-lacA regions. The distribution for ompF is shown in Fig. 3C 10 (dashed line). 73% of the points in this distribution correspond to an ompF drift of less than 2.25 11 pixels (~180 nm). We therefore chose a cutoff of 2.25 pixels as a conservative criterion for co-12 localization of OmpR-YFP and CFP-LacI foci. Thus, CFP and YFP fluorescence maxima were 13 scored as co-localized if they were separated by a distance less than or equal to 2.25 pixels. 
OmpR-YFP co-localization is OmpR binding site dependent

12
To test if the co-localization of the brightest OmpR-YFP foci with ompF is due to OmpR 13 binding, we deleted the OmpR binding sites F1-F4 upstream of ompF. This resulted in a marked 14 shift in the distribution of distances between ompF and the brightest OmpR-YFP foci when 15 compared with the corresponding distribution in a strain with the binding sites intact (Fig. 4C ).
16
In particular, deletion of the binding sites caused the brightest OmpR-YFP foci to fall farther 17 from ompF on average; approximately 4% of the foci co-localize with ompF in the binding site 18 deletion strain whereas approximately 60% co-localize with ompF when the binding sites are When ompF and ompC are spatially well-separated, deletion of the OmpR binding sites at 10 ompF should decrease the OmpR-YFP fluorescence at ompF while leaving the fluorescence at 11 ompC unchanged. To test this, and also to determine whether there is a similar effect at ompC,
12
we compared four strains, corresponding to intact OmpR binding sites at ompF and ompC, 13 deletion of the sites at ompF -∆(F1-F4), deletion of the sites at ompC -∆(C1-C3), and the double 14 deletion ∆(F1-F4) ∆(C1-C3). Fluorescence images were analyzed to determine the local YFP 15 fluorescence in the neighborhood of ompF and ompC (see Materials and Methods for details).
16
When the binding sites at ompF were deleted, the fluorescence at ompF decreased but 17 had relatively little effect on the fluorescence at ompC (Fig. 5) . The effect of deleting binding 18 sites at ompC, on the other hand, was relatively weak. When the binding sites at both ompF and 19 ompC were deleted, the local OmpR-YFP fluorescence was comparable for the two locations.
20
This suggests the average OmpR-YFP occupancy at the ompC promoter is lower than the 21 occupancy at ompF for the growth conditions used in these experiments (minimal glucose medium). We also note that ompC transcription under these growth conditions is relatively low 1 but can be significantly increased by stimulating the EnvZ/OmpR system with procaine ( Fig.   2 6A-right panel). If the increased ompC transcription from procaine stimulation were due to 3 significantly increased OmpR binding to the ompC promoter, then we should also observe 4 increased OmpR-YFP fluorescence at ompC. This is indeed the case, as is evident in Fig. 6B 5 (right panel). Treatment with 10 mM procaine resulted in local fluorescence at ompC that was 6 comparable to the level at ompF in untreated cells (Fig. 6B , compare left and right panels)
7
Furthermore, the increase in local fluorescence at ompC was eliminated when the OmpR binding 8 sites C1-C3 were deleted. Procaine stimulation also produced an increase in fluorescence at 9 ompF. The fold change is lower than for ompC, but the overall levels of fluorescence are higher concentrations of OmpR-YFP to be easily detected by fluorescence microscopy (Fig. 1) . The physical separation of ompF and ompC (Fig. 4B ) made it possible to study the fluorescence, and 1 therefore infer the relative extent of OmpR-YFP binding, at these locations individually. (Fig. 6B ). In addition, treatment of cells with procaine resulted in a 5 measurable local increase in OmpR-YFP at ompF and ompC. This suggests that the OmpR 6 binding sites at these loci are not fully occupied in the absence of procaine treatment. We also 7 note that when both binding sites at ompF and ompC were deleted, additional OmpR-YFP foci 8 were evident, particularly when cells were treated with procaine (data not shown). It seems likely 9 that these foci reflect OmpR-YFP binding at other OmpR-regulated genes in the chromosome.
10
Exploring this question further would require testing other OmpR-regulated genes for co-11 localization, which may require a more complete characterization of the OmpR regulon in E.
12
coli.
13
A model of hierarchical OmpR binding at the porin promoters has been proposed to 14 account for the differential regulation of ompF and ompC (21, 25) . In this model, the ompF 15 regulatory region contains high and low affinity binding sites for OmpR-P and the ompC region 16 contains only low affinity sites (Fig. 7 ). OmpR-P primarily binds the high affinity sites (at ompF) 17 when its concentration is low. With increasing OmpR-P, additional binding occurs at the low Based on the following observations, our data provide in vivo support for the above 1 model. First, for the growth conditions used here-minimal glucose medium with or without 2 procaine-we observed more OmpR-YFP at ompF than at ompC. This is consistent with greater 3 overall OmpR-YFP binding at ompF. Second, stimulation of the EnvZ/OmpR system with 4 procaine produced a larger fold-change in fluorescence at ompC than at ompF (Fig. 6B) , Our work demonstrates that the fluorescently labeled transcription factor OmpR-YFP, 10 expressed at roughly wild-type levels, can be imaged binding native chromosomal loci. By 11 quantifying this fluorescence localization at labeled sites of interest, we were able to study 
Construction of pEL8, a cat -derivative of pCP20
1
The cat gene in pCP20 (5) was deleted by digestion with SmaI and NcoI, treatment with 2 T4 DNA polymerase to blunt the ends, and ligating the DNA. The resulting plasmid, pEL8, no 3 longer confers chloramphenicol resistance but is otherwise isogenic with pCP20.
5
Chromosomal integration of pEL5 and pSE1.
6
Plasmids were integrated into chromosomal FRT using a protocol similar to that 7 described in (9). To integrate pEL5, a strain containing a chromosomal FRT site and the plasmid 8 pEL8 was transformed with pEL5 by electroporation and grown on LB plates containing 15 9 µg/ml chloramphenicol at 37 °C. Selected colonies were streaked on LB/chloramphenicol and 10 grown at 37 °C. Colonies were then re-streaked on LB without antibiotic and grown at 37 °C and 11 in parallel streaked on LB with 50 µg/ml ampicillin and grown at 30 °C to test for loss of pEL8.
12
The plasmid pSE1 was integrated by essentially the same procedure, except in some cases (6) and the deletion was verified by PCR, resulting in strain EAL81.
9
To delete ompF and the four upstream OmpR binding sites, the same procedure was used as TCCTCCTTAG-3' . The underlined sequences in the primers denote sequences in the cat gene.
5
The resulting integrated plasmid (which now confers kanamycin resistance) was moved into a 6 clean EPB240 background by P1 transduction. The kan cassette was then removed using pEL8, 7 resulting in EAL97. TetR-mCherry, arabinose was added to 10 mM.
15
Microscopy was performed on live cells at 37 °C essentially as described in (3) 
2
For the data in Fig 4C, we discarded cells that lacked distinct foci. This was determined and mCherry maxima whose separations were within the drift radius of a chromosomal location 10 over the longest time scale of image sequence collection were discarded as not being sufficiently 11 well separated. Fluorescence intensities were normalized across different days using the 12 parameter C0 from Gaussian fits to YFP fluorescence at random locations that were at least a 13 distance of 5 pixels from the CFP-LacI and TetR-mCherry foci. We required random locations to 14 fall within the region that was typically occupied by ompF and ompC, which was roughly the 15 middle 70% of the major and minor axes. More precisely, we required the major and minor axis 16 coordinates to fall within the region that is occupied by ompF and ompC 98% of the time
17
(determined empirically for each growth condition). These Gaussian fits to random locations 18 were used to background subtract and rescale the data. Images for figures were prepared using Model of Hierarchical OmpR-P Binding at ompF and ompC.
10
The regulatory region for ompF has a mixture of high affinity and low affinity OmpR binding OmpR-P occupancy consistent with our observations for growth +/-10 mM procaine. 
